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P-AlGaN/P-GaN superlattices are investigated in blue InGaN light-emitting diodes as electron blocking layers. The

simulation results show that efficiency droop is markedly improved due to two reasons: (i) enhanced hole concentration

and hole carrier transport efficiency in AlGaN/GaN superlattices, and (ii) enhanced blocking of electron overflow between

multiple quantum-wells and AlGaN/GaN superlattices.
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1. Introduction

Blue InGaN light-emitting diodes (LEDs) have
been extensively developed for several important ap-
plications, e.g. full-color displays, LCD back-lighting,
mobile platforms, and illumination.* =3 However, In-
GaN LEDs suffer from the problem of efficiency droop
at high current. The internal quantum efficiency
(IQE), defined as the ratio of the number of photons
generated in the active region to the number of carriers
injected into the LED device, usually decreases with a
further increase in current.*5 The radiative recombi-
nation rate and the output power of the InGaN LED
are thus degraded correspondingly.[®7) It is imperative
to improve the IQE so that LEDs can produce high
luminous flux with reasonably high efficiency at high
current densities. Recently, different explanations for
efficiency droop have been proposed, including leak-
age current resulting from the piezoelectric effect,”!

8 Auger recombination, !

carrier injection efficiency,
and junction heating.!*%!
As is well known, the hole in GaN-based mate-
rial has a relatively high effective mass and therefore
a very low mobility. It is difficult for holes to be in-
jected into and transported in the active region. Thus,

a large number of holes accumulate in the last quan-
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tum well (QW) next to the p-type region. As for the
electrons, due to their opposite characters to those of
holes and the insufficient blocking efficiency of the tra-
ditional P-AlGaN electron-blocking layer (EBL), they
can transport easily in the active region and even
overflow across the EBL to the p-type region. As a
result, nonuniform distribution of carriers is formed,
which explains why not every QW contributes to ra-
For blue InGaN LEDs, the
poor hole injection efficiency that leads to serious elec-

diative recombination.

tron leakage may be closely related to the reduction
in IQE at high current. Some theoretical investiga-
tions have been performed previously on the band
structures of superlattices,'>2 and additionally, a
different approach using an inserted superlattice struc-
ture to obtain better optical characteristics has been
reported experimentally.['3~16] Recently, it has been
numerically studied that AlGaN/GaN/InGaN super-
lattices were incorporated into an InGaN-based blue
LED as an electron blocking layer to minimize the
temperature dependence on optical output power.”]
In this paper, we propose to replace the traditional p-
AlGaN layer with P-A1GaN/P-GaN superlattices (Al-
GaN/GaN SLs) as the EBL. The physical and the
optical properties of the blue InGaN LEDs with P-
AlGaN and AlGaN/GaN SLs are studied with the ad-
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vanced physical model of semiconductor device (AP-
SYS) simulation program, which is capable of dealing
with the physical properties of LEDs by solving Pois-
son’s equation, the current continuity equation, the
carrier transport equation, the quantum mechanical
wave equation, and the photon rate equation.

2. Structure and parameters

The original blue InGaN LED used as a reference
was grown on a c-plane sapphire substrate, then a
0.5-um thick undoped-GaN layer and a 4.5-um thick
n-GaN layer (n-doping= 5 x 10'® cm™3) were de-
posited on it. The InGaN/GaN multiple quantum-
well (MQW) structure consisted of five 2 nm-thick
Ing13Gag.g7N well layers and six 15 nm-thick GaN
barrier layers. A 20-nm thick P-Aly2GagsN (p-
doping= 3 x 1017 cm~3) electron-blocking layer (EBL)
was grown on the top of the MQW. Finally, a 0.2-pm
thick P-GaN (p-doping= 7 x 107 cm™2) cap layer
was grown. The device geometry was designed into
a rectangular shape of 300 um x 300 um. For the
LED with AlGaN/GaN SLs, the P-AlGaN EBL was
replaced by an AlGaN/GaN SL EBL, which is com-
posed of a 10-period AlGaN/GaN (2 nm/2 nm, p-
doping= 3 x 10'" cm~3) SLs.

The bandgap energies of the InGaN, AlInN, and

AlGaN ternary alloys can be expressed as!'®]

E,(In,Ga_4N) =z - Eg(InN) 4 (1 — z) - E;(GaN)

— 14z - (1-2), (1)
E,(Al;Iny_,N) =z - E;(AIN) + (1 — z) - E4(InN)

— 34z - (1 —2x), (2)
E4(Al,Ga;_;N) =2 - E,(AIN) + (1 — z) - E;(GaN)

- 0.7z - (1 — x), (3)

where Eg(InN), E,(AIN), and E,(GaN) are the
bandgap energies of InN, AIN, and GaN, with val-
ues of 0.78, 6.25, and 3.51 eV, respectively.'8 The
operating temperature is assumed to be 300 K, and
the light extraction efficiency is assumed to be 0.78.
Other material parameters of the semiconductors used
in the simulation can be found in Ref. [19].

3. Results and discussion

Figure 1(a) shows the simulated light—current (L—
I)) performance curve of the LEDs with P-AlGaN and
AlGaN/GaN SLs. It can be seen that the difference

between the two structures is very small at low in-
jection current. With the injection current increas-
ing further, the difference between the two LEDs is
enlarged. The output power of the LED with Al-
GaN/GaN SLs increases linearly as the forward cur-
rent increases, but for the LED with P-AlGaN, the
output power increases slowly. The light output
power of the LED with AlGaN/GaN SLs is about
twice as large as that of the LED with P-AlGaN at
300 mA. The IQEs of the LEDs with P-AlGaN and
AlGaN/GaN SLs, each as a function of injection cur-
rent, are shown in Fig. 1(b). As the forward current
increases, the two LED structures show different char-
acteristics. The efficiency droop of the LED with Al-
GaN/GaN SLs at 300 mA is improved remarkably as
compared with that with P-AlGaN.
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Fig. 1. (a) LI curves of the LEDs with P-AlGaN and

AlGaN/GaN SLs, and (b) the IQE of the LEDs with P-
AlGaN and AlGaN/GaN SLs.

Figure 2 shows the band diagrams and quasi-
Fermi levels of the LEDs with P-AlGaN and Al-
GaN/GaN SLs at 300 mA. It is indicated in Fig. 2(a)
that for the LED with P-AlGaN, the strong electric
field caused by the piezoelectric polarization charges
at the interface between the P-AlGaN and barrier
layer lowers the conduction band energy in the last
barrier. This has a negative effect on the confine-
ment of electrons at high carrier density. However, in
Fig. 2(b), AlGaN/GaN SLs have been employed for

strain relief and consequently have a smaller internal
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piezoelectric field, which is caused by lower lattice mis-
match in the active region and, hence, the band bend-
ing situation can be improved. Therefore, the overlap
of electron and hole wave functions and the probability
of radiative recombination can be markedly enhanced.
In Fig. 2, curves 1 and 3 are the effective potential
barriers for electrons, and curves 2 and 4 are the ef-
fective potential barriers for holes that are caused by
the band bending effect. Curve 3 is much higher than
curve 1, and the enhancement of the potential height
of the layer is beneficial for reducing the electron leak-
age current. In the meantime, the effective potential
barrier 4 is much lower than 2 for the holes. Thus, it
is easier for holes to be injected into the active layer of
the LED with AlGaN/GaN SLs than with P-AlGaN.
The LED with AlGaN/GaN SLs, when electrons are
prevented from overflowing into the fifth QW, enables
more efficient hole transport across the EBL than the
LED with P-AlGaN.
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Fig. 2. Band diagrams and quasi-Fermi levels of the LEDs
with (a) P-AlGa, and (b) AlGaN/GaN SLs at 300 mA.

Figure 3 shows the hole and electron concentra-
tions of the LEDs with P-AlGaN and AlGaN/GaN
SLs in an MQW region at 300 mA. It is found that
the electron concentration and the hole concentration
of the LED with AlGaN/GaN SLs increase drastically
in the QW compared with those of the LED with P-
AlGaN. Figure 3(a) indicates that when the LED is

with P-AlGaN, most holes are transported with diffi-
culty in the active region and thus accumulate in the
QW close to the p-side layer, owing to their large effec-
tive mass and low mobility. However, when the LED is
with Al1GaN/GaN SLs, more holes can be transported
easily to the QW close to the n-side layer and a more
uniform hole injection is achieved, which implies that
the AlGaN/GaN SLs can enhance hole concentration
and improve the efficiency of hole carrier transport.
Moreover, as shown in Fig. 3(b), for the LED with P-
AlGaN, most electrons are transported in the active
region easily, and thus accumulate at the QW near the
p-side layer due to their small effective mass and high
mobility. However, when the AlGaN/GaN SL is used
as the EBL, the concentration of electrons in the last
QW, which is close to the p-side layer, is relatively

reduced.
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Fig. 3. (a) Hole and (b) electron concentrations of the
LEDs with P-AlGaN and AlGaN/GaN SLs at 300 mA.

The corresponding radiative recombination rates
of the LEDs with P-AlGaN and AlGaN/GaN SLs at
300 mA are shown in Fig. 4, respectively. For the
LED with P-AlGaN, the radiative recombination rate
is dominated by the QW close to the p-side layer as
a result of nonuniform distributions of electrons and
holes. While in the LED with AlGaN/GaN SLs, due
to the enhancement of carrier concentrations and the
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improvement of the efficiency of hole carrier transport,
the radiative recombination rate is more uniform in
QWs and almost all QWs can contribute to output
power. Thus, IQE droop at high current may be im-
proved due to the uniform distributions of electrons
and holes in the QWs.
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Fig. 4. Radiative recombination rates of the LEDs with
P-AlGaN and AlGaN/GaN SLs at 300 mA.

4. Conclusions

The optical characteristics of blue InGaN multi-
ple quantum-well light-emitting diodes with P-AlGaN
and AlGaN/GaN SL EBLs are studied in this arti-
cle by using the APSYS simulation program. The
simulation results show that for LEDs with P-AlGaN
and AlGaN/GaN SLs, the use of AlGaN/GaN SLs as
the EBL may be beneficial for blocking the electrons
from overflowing into the p-layers, while AlGaN/GaN
SLs also enhance hole concentration in the active re-
gion and improve the efficiency of hole carrier trans-
port. Therefore, the radiative efficiency and the out-
put power can be markedly improved at high current.
The LED with AlGaN/GaN SLs has a better optical
performance.
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